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Abstract
Dark CO2 fixation has been shown to rival the importance of oxygenic photosynthesis in the global 
carbon cycle, especially in stratified environments, such as salt wedge estuaries. We investigated this 
process in the Columbia River estuary using a variety of techniques in-cluding functional gene cloning of 
cbbL (the large subunit of form I RuBisCO), quantitative real-time PCR (qPCR) estimations of cbbL 
abundance, and analyses of stimulated 14C-bicarbonate assimilation. A diversity of red-type cbbL genes 
were retrieved from clone libraries, with 28 unique operational taxonomic units determined from 60 
sequences. The majority of the sequences formed two clusters that were distinct from the major clusters 
typically found in soil envi-ronments, revealing the presence of a unique community of autotrophic or 
facultatively autotrophic/mixotrophic micro-organisms in the Columbia River estuary. qPCR estimates 
indicated that roughly 0.03–0.15 % of the microbial popu-lation harbored the cbbL gene, with greater 
numbers of total bacteria and cbbL gene copies found in the estuarine turbid-ity maxima (ETM) 
compared to non-ETM events. In vitro incubations with radiolabeled bicarbonate indicated maximum 
stimulation by thiosulfate and also suggested that a diversity of other potential electron donors may 
stimulate CO2 fixation, including nitrite, ammonium, and Mn(II). Taken together, the-se results highlight 
the diversity of the microbial metabolic strategies employed and emphasize the importance of dark CO2 
fixation in the dynamic waters of the Columbia River estuary despite the abundance of organic material.
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Introduction
Among the most important global biogeochemical pro-
cesses, CO2 fixation is generally thought to be domi-
nated by oxygenic photosynthesis carried out by plants, 
bacteria, and phytoplankton. However, dark CO2 fixa-
tion (including anaplerotic reactions) by obligate and 
facultative chemolithoautotrophs and mixotrophs is 
gaining recognition as a widespread and important pro-
cess that rivals that of oxygenic photosynthesis in fresh-
water (Jorgensen et al. 1979; Shively et al.  1998; 
Garcia-Cantizano et al. 2005; Lliros et al. 2011; 
Casamayor et al. 2012), marine (Tuttle and Jannasch 
1977; Indrebø et al. 1979; Taylor et al. 2001; Jost  et  
al. 2008; Glaubitz et al. 2009, 2010; Alonso-Saez et al. 
2010; DeLorenzo et al. 2012), estuarine (Casamayor et 
al. 2001), and soil (Yuan et al. 2012) environments. 
Among bacteria and archaea, fixation can occur via six 
major pathways (see review by Hügler and Sievert 
2011) as well as by anaplerotic pathways (Moran et 
al. 2004; González et al. 2008). A variety of reduced
inorganic compounds can be used as electron donors to
fuel autotrophic CO2 uptake, including NH
4+, NO2−, S2O3
2−,
Fe2+, and, possibly, Mn2+, although isolation of an autotrophic
Mn oxidizer remains elusive. Ribulose-1,5-bisphosphate car-
boxylase oxygenase (RuBisCO) is the diagnostic gene for the
reductive pentose phosphate cycle (the Calvin–Benson–
Basham cycle), and this gene is present among a variety of
taxonomic groups including alpha-, beta-, and gamma-
proteobacteria as well as firmicutes, cyanobacteria, and
chloroflexi (Swingley et al. 2007; Hügler and Sievert 2011).
In organic-rich environments such as soils and estuaries, fac-
ultatively chemolithoautotrophic members of the alpha- and
beta-proteobacteria are likely to be the most abundant, and
these organisms usually contain the type IC (and/or sometimes
IA) subgroup of red-like RuBisCO genes (Badger and Bek
2008). Additionally, photosynthetic purple sulfur bacteria
have been shown to carry out dark carbon fixation in stratified
lakes in northeastern Spain (Casamayor et al. 2008).
The Columbia River, including the estuary (our study
site), is the largest source of freshwater, by volume (60–
90 %), to the California Current System between the San
Francisco Bay and the Strait of Juan de Fuca (Barnes et al.
1972), and it also provides a major source of dissolved
manganese and nutrients to coastal waters (Aguilar-Islas
and Bruland 2006; Bruland et al. 2008). The North and
South Channels of the river are dredged to allow shipping
(Herfort et al. 2012). Within these channels, water circula-
tion and density stratification, controlled by river dis-
charges, tides, and shelf winds, enable the entrapment of
suspended particulate matter in estuarine turbidity maxima
(ETM; Gelfenbaum 1983; Jay and Smith 1990; Jay and
Musiak 1994; Small and Prahl 2004). These ETM are gen-
erated because the net flux of deep water upstream into the
estuary allows negatively buoyant particulate matter to re-
main trapped in the estuary in dense clouds of turbidity
(Crump et al. 1998). Estuarine turbidity maxima occur
throughout many estuaries in the world, including (but not
limited to) the Chesapeake (Schubel 1968), the San
Francisco Bay (Jassby and Powell 1994), and the
Delaware (Biggs et al. 1983) in the USA; the Yorkshire
Ouse, Humber, and Tamar in the UK (Grabemann et al.
1997; Uncles et al. 1998); the Seine, Loire, and Gironde in
France (Etcheber et al. 2007); the Elbe and Weser in
Germany (Kappenberg and Grabemann 2001); the
Guadiana in South Portugal (Garel et al. 2009); the Ariake
Bay in Japan (Islam et al. 2006); the Changjiang in China
(Li and Zhang 1998); and the Amazon in Brazil (Demaster
et al. 1986; Nittrouer et al. 1986; Berhane et al. 1997), to
name a few. ETM are hot spots of enzymatic activity and
biogeochemical cycling and have been demonstrated to
exhibit enhanced bacterial production rates compared to that
outside of the ETM, with rates up to 5.6 μgL−1h−1 in the
Columbia River ETM as measured with tritiated thymidine
(Crump and Baross 1996). Overall, the presence of zooplank-
ton as well as the microbial growth rates have been strongly
correlated with turbidity in the Columbia River, and ETM
have been described as having enhanced “microbial loop
activities” (Baross et al. 1994). This is true not just for hetero-
trophic activity but other reactions as well, such as manganese
reduction (Klinkhammer and McManus 2001) and oxidation
(Bräuer et al. 2011). Thus, we hypothesized that, similar to
other microbial processes, autotrophy would be most promi-
nent during an ETM event compared to a non-ETM event.
Herein, a polyphasic approach was employed to assess the
quantity and diversity of RuBisCO-containing organisms as
well as the relative contribution of various electron donors to
dark CO2 fixation in the Columbia River estuary.
Materials and Methods
Sample Collection and Storage
Prior to sampling, we utilized data-informed daily forecasts
of baroclinic circulation (http://www.stccmop.org/datamart/
virtualcolumbiariver/forecasts) to predict salinity intrusion
length and variability in the North and South Channels of
the estuary. Details of the models (Zhang et al. 2004; Zhang
and Baptista 2008) and their simulation skill (Baptista et al.
2005; Burla 2009; Frolov et al. 2009) are described else-
where. The location of the salt wedge was empirically
correlated, via observations of sediment concentrations
(http://www.stccmop.org/datamart/observation_network),
to the timing of the ETM, which were expected to occur
near the front of the salt wedge (B. Crump and L. Herfort,
personal communication). Samples were collected in the
South Channel on 14th June 2007 and on 17th July 2007
and in both the North and South Channels from 14th
through 31st August 2007. Samples were deemed to be
either ETM or non-ETM samples by the chief scientist at
the time of sampling and in general were defined according
to a significant change (greater than 1.5–2-fold) in nephelo-
metric turbidity units or a change in the transmitted or
reflected light due to changes in suspended particulate mat-
ter in conjunction with the time and location of the predicted
occurrence. The maximum turbidity measurements ob-
served roughly correlated with the salt wedge and could be
found at the leading edge (low salinity values approx.
5 PSU) or trailing edge (intermediate salinity values approx.
15 PSU) of the salt wedge. Turbidity generally subsided
30 min to 2 h after the salt wedge had passed (for more
information, see Bräuer et al. 2011). Samples from the
Columbia River estuary (Electronic supplementary material
(ESM) Fig. S1) were collected onboard either the R/V
Forerunner in June and July 2007 or the R/V Barnes in
August 2007 (Table 1). Water samples collected on the R/V
Forerunner were retrieved using an air pump and were coor-
dinated with a conductivity, temperature, and depth recorder
(CTD).Water samples collected onboard the R/V Barneswere
retrieved using an SBE Carousel sampler with twelve 10-L
Niskin sampling bottles. Cast data were collected using a
SeaBird brand CTD equipped with a transmissometer, fluo-
rometer, thermometer, photosynthetically available radiation
light sensor, O2 probe, and altimeter. Microbial cells for
molecular assays were concentrated onto triplicate or quadru-
plicate Sterivex filters (Millipore, Billerica, MA) onboard the
ship. The volume filtered was recorded and was approximate-
ly 600–900 mL per filter. Filters were stored shipboard in a
freezer containing dry ice and were transferred to a −80 °C
freezer in the laboratory until further processing. Water for
14CO2 assimilation analyses was collected in sterile 1-L bot-
tles, and incubations were initiated on deck immediately after
collecting the water (see below).
DNA Extraction, Cloning, and Sequencing
Filters containing microbial cells for DNA extraction were
cracked open using sterilized pliers to allow the inner cyl-
inder containing the filter to be removed. The filter was cut
loose from the cylinder using a sterile scalpel and was gently
folded and cut into tiny pieces using sterile scissors. The
filter pieces were allowed to fall directly into bead beating
tubes from the FastDNA Spin Kit for Soil (MP Biomedical
Sciences, Solon, OH); extraction was carried out according
to the manufacturer’s instructions. DNA concentration was
determined using a Nanodrop ND-1000 spectrophotometer
(Thermo Fisher Scientific Inc., Wilmington, DE). The cbbL
gene was then amplified using the primers targeting the red-
like RuBisCO genes, cbbLR1F and cbbLR, as described by
the authors (Selesi et al. 2005). PCR products from three to
six PCR reactions were pooled and amplicons were cloned
into TOPO TA pCR®2.1 vectors (Invitrogen, Carlsbad, CA).
Plasmid DNA from transformants was extracted using the
QIAprep Spin Miniprep kit (Qiagen Inc., Valencia, CA) and
screened using the M13 forward (−20) primer. Ninety-six-
well plates of glycerol stocks were sent to Agencourt (now
Beckman Coulter in MA) for the sequencing of clone librar-
ies in both directions using both the M13 forward and
reverse primers. Contigs were assembled using Vector NTI
(Invitrogen) and alignments (811 bp) were generated using
BioEdit (Hall 2001). Twenty-nine operational taxonomic
units were identified at a 90 % cutoff for nucleotide data
using DOTUR (Schloss and Handelsman 2005). Amino acid
alignments were analyzed with DOTUR as well, and 27–
29 operational taxonomic units (OTUs) corresponded to
approximately a 94–95 % identity cutoff at the amino acid
level. Good’s nonparametric coverage was estimated using
the equation [1−(n/N)]×100, where N is the total number of
clones evaluated and n is the number of singleton OTUs
(Good 1953). Sequences of each unique OTU were depos-
ited into GenBank with accession numbers JQ994305–
JQ994332. Phylogenetic trees were constructed using both
the neighbor-joining and maximum likelihood algorithms in
the PHYLIP software package (Felsenstein 2004).
Real-Time Quantitative PCR
Quantitative real-time PCR (qPCR) was conducted using
primers specific for the cbbL gene, cbbLRF and cbbLR1intR
(Selesi et al. 2007). Amplifications were performed on tripli-
cate samples in Maxima™ SYBR Green qPCR Master Mix
(Fermentas, Glen Burnie, MD) containing 0.2 μM of each
primer and were carried out using an Applied Biosystems™
7300 Real-Time PCR System (Foster City, CA) with the
following amplification protocol: 2 min at 50 °C, 10 min at
95 °C, and 40 cycles of 15 s at 95 °C with 1 min at 60 °C.
After amplification, a dissociation protocol was added to
verify dissociation profiles. Genomic DNA from Ralstonia
eutropha H16 (generously provided by Dr. Anne Pohlmann
and Dr. Bärbel Friedrich of the Humboldt-Universität zu
Berlin) was used in the range of 109–102 target ccbL copies
per microliter to generate the calibration curves for quantifi-
cation as described previously (Fey et al. 2004). Copy number
results were expressed on a basis of the amount of DNA
extracted per milliliter of water filtered.
Stimulated Dark 14CO2 Uptake
14C-bicarbonate assimilation was determined using bottom
water collected both during ETM events and non-ETM
Table 1 Metadata for samples collected in this study
Sample date Location Latitude ±4″ Longitude ±6″ Approximate
depth (m)
Oxygen
(mg/L)
Analyses conducted
14-Jun-07 Youngs Bay at Skipanon River 46°11′15″ −123°54′3″ 9–10 − qPCR, cbbL libraries
17-Jul-07 Smith Point 46° 11’ 37″ −123°51′56″ 10 4.71 qPCR
23-Aug-07 Youngs Bay and Tongue Point 46° 12’ 27″ −123°47′58″ 10–11 7.02 14C
26-Aug-07 Youngs Bay and Tongue Point 46° 12’28″ −123°47′51″ 11–12 6.55 14C
Oxygen concentration data were not collected on 14th June 2007 because the oxygen sensor was not working at that time
events on 23rd and 26th August 2007 (Table 1). Procedures
were carried out as described by Nielsen (1952). Briefly,
20 mL of water was added to each serum vial and the vials
sealed and crimped. To each of the triplicate samples, 100 μM
(final concentration) of either NH4+, NO2−, S2O3
2−, and Fe2+,
10μM (final concentration) ofMn2+, or no additional electron
donor was added, along with 0.1 mL of 20 μCi/mL 14C-
bicarbonate. Blanks were prepared by incubating 20 mL of
the sample water in the absence of any addition (no 14C-
bicarbonate), and these yielded 32–67 CPM (Fig. 2). The vials
were incubated in the dark near the in situ temperature of
20 °C for 24 h. Incubation was stopped by filtration onto
0.2-μM Whatman filters that were then fumigated with
HCl to remove excess unincorporated bicarbonate prior
to scintillation. Filters were then placed in scintillation
vials with a scintillation cocktail and decays were mea-
sured using a liquid scintillation counter (Packard).
Results
RuBisCO Gene Diversity
A total of 60 cbbL gene clones were obtained, representing 28
unique OTUs at the 95 % identity cutoff. Rarefaction analyses
indicated that the sampling depth was sufficient to cover the
bulk of the diversity in these samples, as indicated by the
asymptotic shape of the curve (ESM Fig. S2). Several clones
affiliated with sequences from a previous study by Selesi et al.
(2005) that examined cbbL diversity in agricultural soil. A few
(6 %) grouped in cluster RI with clone HNPKR97, and a few
more (8 %) grouped in cluster RIII with clone HKOR89 and an
Arthobacter isolate R45 (Fig. 1). Three of the 60 clone se-
quences (two OTUs) grouped with Rhodobacter sphaeroides.
However, the majority of the clones fell into two clades, herein
named CRI and CRII: 29, or roughly half of the sequences,
clustered with clone HSMR12 (Selesi et al. 2005), whereas 16
(or roughly a quarter) of the sequences clusteredwith sequences
of the cbbL genes of Bacillus and Arthobacter species isolated
from agricultural soil (Selesi et al. 2005), R32c and R33c
(Fig. 1). Good’s nonparametric coverage estimator indicated
approximately 76 % coverage of the OTU diversity.
RuBisCO Gene Abundance
Quantitative real-time PCR analyses indicated that any-
where from 40 up to 2,000 copies/mL of the cbbL gene
were present during the times of sampling (Table 2). The
copy numbers found in ETM were consistently higher than
those found during non-ETM events, with 451 versus 38
copies in June and 2,254 versus 131 in July. According to t
tests, the difference between the ETM and non-ETM sam-
ples was only significant in July (P=0.02) and not in June
(P=0.06). Compared to the total number of estimated bac-
teria in these same samples, reported in a previous study
(Bräuer et al. 2011), the percentages of those carrying the
cbbL gene were 0.06 and 0.03 % for the ETM and non-ETM
samples in June and 0.15 and 0.03 % for the ETM and non-
ETM samples in July, respectively (Table 2).
14CO2 Uptake
A goal of this study was to elucidate the potential contribu-
tion of nitrite, thiosulfate, and ammonium to dark CO2
fixation in the Columbia River estuary and to test the hy-
pothesis that Mn(II) may serve as an electron donor in
fueling autotrophic or mixotrophic reactions. Relative to
no addition, all donors stimulated 14C uptake during ETM
events (Fig. 2, solid squares). However, outside of ETM
events, there was little to no stimulation of C fixation by
most of the donors compared to no addition (Fig. 2, open
circles). CO2 uptake was stimulated the greatest by thiosul-
fate during the second sampling on 26th August (Fig. 2b);
however, during the first sampling, stimulation by ammoni-
um and nitrite was also significant (Fig. 2a). Interestingly,
the uptake of 14C-bicarbonate in the presence of Mn(II) was
greater than the control during the ETM events.
Discussion
RuBisCO Gene Diversity
The phylogenetic distribution of cbbL genes found here
appears to be distinct from that found in either soil (Selesi
et al. 2005) or groundwater (Alfreider et al. 2009;
Kellermann et al. 2012). A few of the clones grouped with
R. sphaeroides, which is especially noteworthy since several
species of Rhodobacter were isolated from the Columbia
River estuary in a previous study (Bräuer et al. 2011).
However, cbbL genes were not detected among any of the
nine isolates from that study that were tested using four
different primer sets (Brauer and Xu, unpublished data),
suggesting that those isolates were not capable of CO2
fixation using RuBisCO. The majority of the clones fell into
two clades, herein named CRI and CRII. In contrast to our
findings, sequences from both of these clusters were much
less abundant in a study of agricultural soil (Selesi et al.
2005), with only 5 of the 46 distinct clones (based on RFLP
patterns) from each of two treatment plots affiliating with
clusters CRI and CRII. In fact, of the four clusters identified
in the agricultural soil by Selesi et al., only two of those
clusters—RI and RIII—were identified here, and cluster RB
and RII were not detected, likely reflecting the unique
environmental conditions of estuarine waters compared to
agricultural soil. Certainly, microbial community structure is
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Fig. 1 Neighbor-joining tree inferring the phylogenetic relationships of
red-like cbbL sequences found in clone libraries of water from the Colum-
bia River in this study and sequences from top blast hits as well as a broad
range of described species. Alignments were generated using BioEdit (Hall
2001) and dendrograms were calculated using PHYLIP (Felsenstein 2004).
Bootstrapping values are shown only for nodes that were supported by both
maximum-likelihood and neighbor-joining analyses and which were
supported >60% of the time. The number of the sequences from the library
that represented a particular OTU is given in parentheses. Pyrococcus
furiosus was used as the outgroup
known to reflect the geochemical environment in the
Columbia River (Fortunato et al. 2012) and other environ-
ments (Horner-Devine et al. 2007); thus, the differences
observed here are most likely due to distinct environmental
differences rather than stochastic effects related to the time
of sampling, DNA extraction, or other experimental pro-
cedures. A diversity of cbbL genes have also been found in
other organic-rich environments such as soils (Selesi et al.
2005; Tolli and King 2005; Videmšek et al. 2009), ground-
water (Alfreider et al. 2009; Kellermann et al. 2012), and
marine environments (Elsaied and Naganuma 2001; Nigro
and King 2007), among others. Moreover, cbbL genes have
been found to be not only abundant (Selesi et al. 2007) but
also highly active in soils (Yuan et al. 2012); thus, the
organisms harboring them are playing an important role in
the global carbon cycle.
cbbL Gene Abundance
The copy numbers determined here may seem low by volume;
however, bacterial numbers in estuaries are typically around
106 or 107cells/mL (Crump and Baross 1996; Cochran and
Paul 1998; Cottrell et al. 2010; Bräuer et al. 2011). Thus, when
calculated as a percentage of the total bacterial cells, our
numbers are comparable to other studies in the literature,
which found that cbbL gene copies represented from
<0.01 % to 1.0 % of the total estimated bacteria. For example,
Selesi et al. (2005) found 106–107 copies of the cbbL gene per
gram of agricultural soil. Using the estimate of Whitman et al.
(1998) of 109cells per gram of soil in the top meter, the
estimates of Selesi et al. represent roughly 0.1–1 % of cells,
while our estimates ranged from 0.03 to 0.15 % of cells.
Similar cbbL gene copy number estimates were also found
in sediments from the Black Sea (Schippers et al. 2012) and
Chesapeake Bay (Breuker et al. 2011) and in groundwater
(Kellermann et al. 2012), whereas relative copy number was
possibly less abundant in sediments of the Benguela upwell-
ing (Schippers et al. 2012). These estimates of cbbL abun-
dance are consistent with that of other functional genes in soil.
For example, nirK (nitrate reductase) was estimated to occur
in the range of 104–106copies per gram of soil (Henry et al.
2004), or roughly 0.01 %, while nosZ (nitrous oxide reduc-
tase) was estimated at 105–107copies per gram, or 0.1–0.5 %
of the estimated SSU rRNA copy number that was measured
(Henry et al. 2006). Some other functional genes can represent
a much larger percentage of the total cell number. For exam-
ple, some soils have been found to contain up to 4×106copies
per gram (dry weight) of the ammonia-monooxygenase gene,
amoA (Okano et al. 2004). However, it is important to keep in
mind that microbial abundance does not always correlate with
activity or ecological significance, especially since many
members of a microbial community may be dormant or inac-
tive (Jones and Lennon 2010; Lennon and Jones 2011). In
fact, rare members of microbial communities can be important
constituents of the functional diversity of an environment
(Sogin et al. 2006; Huber et al. 2007).
Table 2 Quantitative real-time data comparing cbbL gene copies obtained in this study to total bacterial cell estimates (SSU gene copies/4.09)
determined in a previous study (Bräuer et al. 2011)
Sample date Turbidity status cbbL gene copies/mL SE SSU rRNA gene copies/mL SE Percentage carrying RuBisCO
14-Jun-07 ETM 451 80.0 7.56E+05 8.06E+04 0.06
Non-ETM 38.34 4.08 1.52E+05 3.57E+04 0.03
17-Jul-07 ETM 2250 278 1.55E+06 3.64E+04 0.15
Non-ETM 131 7.46 3.82E+05 4.28E+04 0.03
SE standard error for triplicate samples
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Fig 2 Comparison of total
14CO2 fixation from filtered
samples for samples amended
with 14C-bicarbonate and
100 μM nitrite, thiosulfate,
ammonium, 10 μM Mn(II), or
no addition. Control samples of
estuary water were incubated and
filtered for comparison. Samples
were collected on 23rd August
(a) and 26th August (b) 2007
during both an ETM and a non-
ETM event. Incubations were
conducted in triplicate. Bars
represent standard deviation
14CO2 Uptake
Dark CO2 uptake rates measured in the absence of added
electron donors ranged from 0.9 to 1.4 μmolL−1day−1 (to
72–114 mgCm−3day−1; Fig. 2) and closely mirrored the
maximum values (0.7 and 1.4 μmolL−1day−1) found in the
sulfidic zones of the Central Baltic Sea (Labrenz et al. 2005),
in the oxic/anoxic interface of the Ebro River salt wedge (5.5–
124 mgCm−3day−1; Casamayor et al. 2001), and in the Black
Sea (0.32–1.5 μMCday−1; Taylor et al. 2001 and references
therein). More data are needed to draw robust conclusions;
however, data in the literature suggest higher average dark
CO2 fixation rates in estuarine environments compared to that
found in marine environments such as the Black Sea, Baltic
Sea, Cariaco Basin, and Saanich Inlet (see Table 4
published in Casamayor et al. 2001). Although
Columbia River Estuarine waters are known to experi-
ence hypoxia (Roegner et al. 2011), it is important to
note that the samples analyzed here were normoxic (6–
7 mg/L; Table 1) and that higher uptake rates may
occur in anoxic waters, as has been demonstrated in
karstic lakes in Spain (Casamayor et al. 2012). However,
due to the enhanced turbidity and abundance of particulate
matter, anaerobic pockets were likely abundant in these sam-
ples. Indeed, ETM waters in the Columbia River Estuary that
are usually normoxic appear to support reductive reactions
such as Mn reduction (Klinkhammer and McManus 2001;
Bräuer et al. 2011).
14CO2 Uptake in Response to Electron Donors
CO2 uptake was stimulated the greatest by thiosulfate and
reached maximum values of 3.4 μMday−1, similar to studies
of the Baltic Sea where dissolved inorganic carbon (DIC)
uptake in response to thiosulfate approached 10 μMday−1
(Labrenz et al. 2005). Sulfur-oxidizing bacteria have also
been implicated as contributors to dark CO2 fixation in the
Ebro River (Casamayor et al. 2001), the Black Sea (Sorokin
1972; Jørgensen et al. 1991), and the Cariaco Basin (Taylor
et al. 2001, 2006). Interestingly, in our study, ammonium
and nitrite also stimulated CO2 uptake, but only on the 23rd
and not on the 26th of August. This is likely due to spatial
differences in microbial populations (Fortunato et al. 2012)
and fluctuations in nutrient concentrations. Although nitrite
concentrations are generally very low, other nitrogen species
can vary temporally, spatially, and/or seasonally, perhaps
due to changes in nitrogen availability and/or oxidation
and reduction rates. For example, nitrate concentrations in
the Columbia River estuary varied from 5 to 15 μM in
August 2007 samplings (Smith et al. 2010) and reached
high values in the 50-μM range in winter, with heavier
rainfall (Colbert and McManus 2003; Bruland et al. 2008;
Smith et al. 2010), while concentrations of reduced
ammonium were found to be highest in summertime (from
remineralization), averaging around 15 μM and reaching as
high as 60 μM (Gilbert et al. 2013). However, it is important
to keep in mind that the turnover rates are ultimately more
important than concentrations, and ETM have been demon-
strated to have extremely high turnover rates (Baross et al.
1994); thus, even chemicals in low abundance, such as
nitrite, may rapidly cycle in the ETM.
In contrast to studies conducted in the Baltic Sea
(Labrenz et al. 2005), the uptake of 14C-bicarbonate in the
presence of Mn(II) was greater than the control during the
ETM events. Manganese cycling (oxidation and reduction)
are an important process in both systems, with particulate
manganese oxide concentrations in the range of approx.
300 nM in the Baltic Sea (Neretin et al. 2003) and
600 nM in Columbia River ETM (Bräuer et al. 2011).
Dissolved Mn(II) concentrations ranged from 14 to 50 nM in
oxic waters or up to 18 μM in bottom anoxic waters of the
Baltic (Neretin et al. 2003), but are usually below 200 nM in
the Columbia River (Klinkhammer et al. 1997; Klinkhammer
and McManus 2001; Aguilar-Islas and Bruland 2006; Bräuer
et al. 2011). While our data suggest that Mn(II) may possibly
serve as an energy source, stimulation of anaplerotic or
mixotrophic reactions by heterotrophic bacteria is also a pos-
sibility. Autotrophic growth using Mn(II) as an energy source
has not yet been demonstrated unequivocally despite the
predicted thermodynamic favorability of the reaction (Tebo
et al. 2005). To date, all known Mn(II)-oxidizing isolates are
heterotrophic, although one isolate is known to contain genes
for CO2 fixation using the CBB pathway (Caspi et al. 1996;
Dick et al. 2008).
Additionally, at least two studies have demonstrated
broad zones of dark CO2 fixation that were not correlated
with mixing zones or a supply of reduced chemicals to fuel
chemoautotrophic reactions in the Black Sea (Karl and
Knauer 1991) and in the Elbro River Estuary (Casamayor et
al. 2001). Thus, it is likely that a variety of microbial meta-
bolic processes may simultaneously contribute to dark CO2
fixation, at least in some environments. Chemoautotrophic
reactions are notoriously low-yielding, resulting in extremely
low growth rates and low biomass (Shively et al. 1998;
Kelly and Wood 2006). Thus, heterotrophic reactions
are thought to dominate wherever labile organic matter
is present. The Columbia River estuary is known to
have multiple sources of organic matter including ma-
rine, freshwater, and autochthonous contributions; to
contain high concentrations of particulate organic carbon
and particulate nitrogen (Herfort et al. 2011); and to
support high rates of heterotrophic activity (Crump et
al. 1998; Crump and Baross 2000), especially during
ETM. For example, the rates of [3H]thymidine incorpo-
ration, a proxy for bacterial growth rates, among parti-
cle attached bacteria in the Columbia River estuary
averaged from 7.7 up to 57.4 pmolL−1h−1 (Crump et al.
1999). Bulk CO2 fixation prohibits the distinction of
true autotrophy from mixotrophic and heterotrophic
CO2 uptake, an important consideration given that
anaplerotic CO2 fixation can account for upwards of
10 % of the total cell C during heterotrophic growth
(Perez and Matin 1982) and 32–47 % when cultures are
grown mixotrophically (Perez and Matin 1982) or on
C1 compounds (Doronia and Trotsenko 1985). Overall,
based on the environmental conditions as well as the
diversity of type IC RuBisCO genes of the red cluster,
it can be inferred that, similar to findings in oxic marine
waters (Alonso-Saez et al. 2010), dark CO2 fixation by
facultative autotrophs, mixotrophs, and/or heterotrophs
may predominate over that of obligate autotrophs in
the Columbia River estuary.
Conclusions
The scientific community has made recent strides in
understanding estuarine and marine carbon cycling, in
particular the importance of dark CO2 fixation. The
research presented here demonstrates that the diversity
and abundance of cbbL genes encoding type I RuBisCO
provide potential for significant dark CO2 fixation in the
Columbia River. Furthermore, ETM samples were sig-
nificantly stimulated by the addition of a variety of
electron donors, suggesting that the microbial commu-
nity is extremely versatile and can utilize a variety of
metabolic strategies for C uptake in addition to hetero-
trophy. Knowledge of the ecology and activity of auto-
trophic and mixotrophic bacteria provided in this report
is critical to our understanding of carbon cycling from
the microbial to the global scale. Overall, this work
contributes to a growing body of evidence demonstrating the
global significance of dark CO2 fixation and helps provide a
more comprehensive understanding of this “missing sink” in
the global carbon cycle.
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